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imaging system B so that the ratio of the numerical apertures 
of an irradiation optical system to the catadioptric projection 
system o can be easily varied. Third, by increasing the 
.number of lens elements in the second imaging system B, the 
numerical aperture of the catadioptric projection system 
according to the invention can be increased. Fourth, re-imaging 
the intermediate image by the second imaging system B provides 
a long working distance. Fifth, the catadioptric projection 
systems of the invention are compact. Finally, because light 
reflected from the concave mirror M, is returned near the 
focused image, off-axis lens aberrations are reduced. 

With the additional turning mirrors of the second and 
third example embodiments, the relative orientations of the 
reticle R and the wafer W can be adjusted. I.e., the second 
example embodiment, the reticle R and wafer W are parallel 
to each other and on the same optical axis. In the third example 
embodiment, the reticle R and the wafer W are parallel to each 
other but are situated on offset but parallel optical axes. Thus, 
the present invention permits orienting the reticle R and the 
wafer W in a way allowing simplification of the scanning 
systems. 

The catadioptric projection systems of the example 
embodiments also permit the turning mirrors to closely 
approach the respective optical axes. Therefore, light reflected 
by the concave mirror Mj back through the doublepass lens 
. _ group A : is easily separated from the light propagating from the 

W! single-pass lens group A, to the double-pass lens group A 2 . 

"dl| Because the turning mirror or mirrors are situated close to the 

respective optical axes, light need not propagate at large angles 
with respect to the optical axes and off-axis aberrations are 
_ reduced. Prior-art systems often require angles of 20° or more 

Ul while the catadioptric projection systems of this invention use 

5 angles no greater than about 10°. 

f ?| Some prior-art scanning projection systems expose an 

annulus of the wafer from a corresponding annular illuminated 
^~ region of the reticle. The reticle and wafer are scanned at 

t'J different speeds corresponding to the magnification of the optical 

fg projection system. Because such scanning exposure systems 

expose only small areas of the wafer W at any give instant, 
complete exposure of the wafer W requires many incremental 
LJ exposures. If the light from a radiation source is used 

inefficiently, exposure times will be long. Because the 
catadioptric projection systems of this invention do not require 
large angles for separating light incident to and exiting from the 
concave mirror, the catadioptric projection systems can have 
high numerical apertures, thereby reducing exposure times. 

Because the first imaging system A and the second imaging 
system B are independent of each other, manufacture and 
alignment are simple. 

Having illustrated and demonstrated the principles of the 
invention in a example embodiments, it should be apparent to 
those skilled in the art that the example embodiments can be 
modified in arrangement and detail without departing from such 
principles. I claim as the invention all that comes within the 
scope of these claims. 
What is claimed is: 




A catadioptric projection system for receiving light 
from a reticle and projecting a pattern from the reticle onto a 
substrate, the catadioptric projection system comprising: 

a first imaging system that forms an intermediate image 
of an illuminated/region of the reticle, the first 
imaging system comprising in order from the reticle 
and along an optical axis of the first imaging system, 
(a) a 



* 



11 



single-pass lens group comprising a first negative 
subgroup, a positive subgroup, ana a second negative 
subgroup, and (b) a double-pass^ens group comprising a 
concave mirror, wherein light from the illuminated region 
of the reticle passes through tire single-pass lens group and 
the double-pass lens group* reflects from the concave 
mirror, and returns throughfthe double-pass optical group; 
a first turning mirror placed/near the intermediate image that 
receives the light reflected by the concave mirror to and 
returned through the double-pass optical group; and 
a second imaging system that receives the light reflected by 
the first turning mrfror and that re-images the intermediate 
image to form a final image of the illuminated region of 
_._ the reticle_on the substrate. 



2. The catadioptric projection system oftfaim 1, wherein 
the first .negative subgroup of the single-passNens group 
comprises a lens element with a concave surface facing the 
reticle. 

3 . The catadioptric projection system of claim 1 , wherein the 
second negative subgroup of the single-pass lens group 
comprises a lens element with a concave surface facing the 
double-pass lens group. 

1 he catadTo^ systepi of clairri^ wherein the 

second negative subgroup of tlj^ single-pass lens group 
comprises a lens clement with^ 
double-pass lens group. 




5. The^catadioptric projection system of clairnNj, wherein 
either the first imaging system or the second imaging system 
produces a magnification of less than one^ 

6. The catadioptric projection system ofcteim 1, wherein the 
second imaging system comprises a first lens grqup and a second 
lens group, the system further comprising a second turning 
mirror placed between the first lens group and the second lens 
group and that receives light from the first lens group and directs 
the light to the second lens group. 

" ~7. ' "f fie catadioptric iTrojectioTflJ^m^ 
comprising a third turning mirror placed between the singlepass 
lens group and the double-pass lenrigroup and that receives light 
from the single-pass lens group and directs^e light to the 
double-pass lens group. / 



"The catadioptric projection system of claim 7, wherein the 
third turning mirror and the first turning mirror are arranged so 
jf that the light incident to the single-pass optical group and exiting 

the second lens group of the second imaging^vstem propagate 
along substantially parallel axes. \ 

9. The catadioptric projection system ofclaim«8, wherein the 
first axis and the second axis are colinear. 
...... "y^Ri. /TcataiTioptric "pFojVcUo'h^sys'fem'Yo^redei v ingl ighTso 1 

from a reticle and projecting a pattern from theyfSlicle onto a 
substrate, the catadioptric projection systeiripmnprising: 
a first imaging system that forms an intermediate image of an 
illuminated region of the reticleytne first imaging system 
comprising from objectwise to imagewisc, (a) a single- 
pass lens group comprising a first negative subgroup, a 
positive subgroup, and a second negative subgroup, and (b) 
a double-pass lens gpup comprising a concave mirror, 
wherein light from/the illuminated region of the reticle 
passes through the^ingle-pass lens group and the double- 
pass lens group, reflects from the concave mirror, and 
returns through the double-pass lens group; 
a first turning mirror placed near the intermediate image, the 
first turning mirror separating the light propagating from 
the double-pass lens group from the light propagating to 
the jlpuble-pass lens group; and 
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a second imaging system that revives the light reflected by 
the concave mirror and reflated back through the double- 
pass lens group and that re4mages the intermediate image 
to form a final image of tjie illuminated region of the reticle 
on the substrate. 



in 
in 

£3 
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1 1 . The catadioptric projection system of clainMO, wherein 
the first negative subgroup of the single-pass lens group 
comprises a lens element with a concave* N surface facing the 
reticle. 

12. The catadioptric projection system of claim 10, wherein 
the second negative subgroup of the single-pass lens group 
comprises a lens element with a concave surface facing the 
first turning mirror. 

13. The catadioptric projection system of clairrMj, wherein 
the second negative subgroup of the single-pass lens group 
comprises a lens element with a concave surface facing the 
first turning mirror. 

14. The catadioptric projection system of claimrO^ wherein 
either the first imaging system or the second imaging system 
produces a magnification of less than one. 

15. The catadioptric projection system of claih%10, wherein 
the second imaging system comprises a first lens gk>up and a 
second lens group, the system further comprising a second 
turning mirror placed between the first lens group and the 
second lens group and that receives light from the first lens 
group and directs the light to the second lens grouV 

1 6. The catadioptric projection system of claim rtf, wherein 
the first turning mirror and the second turning mirror are 
arranged so that light entering the single-pass lens group 
propagates along a first axis and light reflected by the second 
turning mirror propagates along a second axis substantially 
parallel to the first axis. 

V 17. In a method for projecting a pattern on a reticle onto a 
substrate in which a first imaging system receives light from 
the reticle and transmits the light through a single-pass lens 
group of the first imaging*system and a double-pass lens 
group of the first imaging system, the double-pass lens group 
comprising a concave mirror, and reflecting the light from 
the concave mirror and returning the light through the double- 
pass optical group, and separating the light propagating from 
the double-pass lens group and the light propagating to the 
double-pass lens group, and directing the light propagating 
from the double-pass lens group to a second imaging system, 

an improvement comprising: > 

y|a) providing within the single-pass lens group, fromj 
I objectwise to imagewise, a first negative subgroup, a J 
^.positive subgroup, and a second negative subgroup;' _J 

(b) forming an intermediate image with the first imaging 
system between the first imaging system and the second 
imaging system; and 

(c) locating the intermediate image in proximity to a turning 
mirror that separates the light propagating from the double- 

,. pass lens group frqm the light propagating to the double- 
/ pass lens group. 
\J \£. A melriod'for'proj^ a reticle onto a 

substrate, comprising the steps of: / 

(a) providing a first imaging system/comprising a single-pass 
lens group including from objectwise to imagewise, a 
first negative lens subgroupfa positive lens subgroup, and 
a second negative lens^ubgroup; and a double pass lens 
group comprising a concave mirror; 

(b) transmitting light fjpm the reticle through the singlepass 
lens group and the*double-pass lens group to the concave 
mirror, and returmng the light reflected from 
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the concave mirror back through th^double-pass lens 
group toward the single-pass lens eunip; 

(c) separating the light propagating^hrough the doublepass 
lens group to the concave mirrotyfrom the light propagating 
through the double-pass lens group from the concave 
mirror; f 

(d) with the first imaging system, forming an intermediate 
image of the pattem'between the first imaging system and 
the second imadpg system; 

(e) directing thei^ht propagating from the concave mirror 
through theiecond imaging system; and 

(0 forming m image of the reticle on the substrate with the 
second imagingsy^tem. 



1 9. The method of dlim^rfurt lighT 
from the single-pass lens group to the double-pass lens group 
using a first turning mirror. 

20. The method of claim^9, further comprising directing the 
light, reflected by the concave mirror and returning through the 
double-pass lens group, to the second imaging system using a 
second turning mirror. \^ 



2 1 . The method of claim ity, further comprising orienting the 
first turning mirror and the second turning mirror so that the light 
incident to the first turning mirror and the light reflected by the 
second turning mirrorxpropagate along substantially parallel 
axes. \ 



22. The method of claim 21, further comprising orienting the 
first turning mirror and the second turning mirror so that the light 
incident to the first turning mirror and the light reflected by the 
second turning mirror^propagate along substantially the same 
axis. \ 



23. The method ofclainrl 8, further comprising: 
providing a first turning mirror placedjbeiween the singlepass 

lens group and the double-pass Lefts group; and 
directing light, returning througjyfhe double-pass lens group 

from the concave rmiTOr, iothe second imaging system 
it using Jh^ first t umi ng^nitfor _ _ 

24. The method of claim z3, further comprising: 
providing the second imaging system with a first lens group 

and a second lens group; 
providing a second turning mirror between the first lens group 
and the second lens group; and 
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directing light from the first lens group to the second lens 
group using the second turning mirror. 

25. The method of claim\24, further comprising: 
arranging the first fuming mirror and the second turning 

mirror so that the light incident to the first turning mirror 
and the light reflected by the second turning mirror 
f propagate along substantial l y parallel axes. _ 

26. An exposure system for projecting patterns on a reticle 
onto a substrate, the system comprising: / 

(a) a catadioptric projection system that receives an 
illumination flux from an illuminated region on the reticle 
and forms an image of the illuminated^ region on the reticle 
on a corresponding region on the silbstrate; 

(b) the catadioptric projection system comprising a first 
imaging system and a second/imaging system, the first 
imaging system forming an^intermediate image of the 
illuminated region of the reticle, and the second imaging 
system serving to re-image the intermediate image to form 
an image of the illuminated region of the reticle on the 
corresponding region? of the substrate; 

(c) the first imaging system comprising from objectwise to 
imagewise, (i) a single-pass lens group comprising a first 
negative subgroup, a positive subgroup, and a second 
negative subgroup; and (ii) a double-pass lens group 
comprising ?f concave mirror, wherein light from the 
illuminated^region of the reticle passes through the single- 
pass lens group and the double-pass lens group, reflects 
from the^concave mirror, and returns through the double- 
pass lens group; 

(d) a flrst|turning mirror situated near the intermediate image, 
the first turning mirror separating the light propagating 
fron/the double-pass lens group from the light propagating 
to trfe double-pass lens group; and 

(e) a reticle scanner and a substrate scanner for respectively 
scanning the reticle and substrate synchronously to allow 
the caladioptric projection system to project the patterns on 
the reticle onto the substrate. 



* * * * * 
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27. A catadioptric imaging optical system in a 
projection exposure apparatus that transfers/ pattern on a reticle 
onto a substrate, said system comprising:/ 

a catadioptric imaging opt icaysub- system comprising 
an optical group to form an image tn the pattern, the optical 



group comprising a concave mirroi?with a first optical axis; and 
a dioptric imaging sub-system arranged in an optical 
path between said catadioptric'imaging optical sub-system and 
the substrate to re-image the image formed by said catadioptric 
imaging optical sub-system, said dioptric imaging sub-system 
comprising a second.o^ptical axis, 

whereu/the first optical axis and the second optical 
axis are not paidfllel to each other, and the reticle and the 
substrate are arranged to be parallel to each other. 



28.^. A catadioptric /imaging optical system 
according to claim^27, wherein ine optical group of said 
catadioptric imaging optical subsystem comprises: 

a first optical subgroup comprising a third optical 

axis, and 

a second opticalAiKgroup comprising the concave 
mirror and the first optical axis. 



29. A catadioptric imaging optical system 
according to claim^S, wherein the tfrjfd optical axis and the 
second optical axis are parallel to eacn other. 

3d A catadioptric imaging optical system 
according to clauX28, wherein the second optical subgroup 
comprises a negative lens^rnd a positive lens. 

%Q A catadioptric imaging optical system 

according to clammy, wherein said dioptric imaging optical sub- 
system further comprises an aperture stop. 

32. A catadioptric imaging optical system 
according to ctaim 27, wherein the image formed by said 
catadioptric imagirig optical sub-system is a primary image of 
the pattern on the reticle. 

3jX A catadioptric imaging optical system 
according to claim 27, further comprising a first turning mirror 
arranged in an optical path between the concave mirror and said 
dioptric imaging optical sub-system. 



34. 



optical system 



according to clairn\}3, further com prism^a second turning 
mirror arranged in an optical path between the concave mirror 
and the reticle. 



35. 



^imaging optical system 



according to claim \4, wherein /he optical group of said 
catadioptric imaging optical subfi&stem comprises: 

a first subgroup compjising a third optical axis, and 
a second subgroup comprising the concave mirror 
and the firstoptical axis. 



36 .\ A catadioptric 
according to claim^S, wherein the th 



second optical axis intersect. 




tging optical system 



optical axis and the 



A projection exposure apparatus that transfers 
a pattern on a reHcle onto a 
substrate, comprising: 

a catadioptric imaging optical system according to 
claim 27, said catadioptric imaging optical system forms an 



t ♦ 

exposure region on the substrate that is off of the second optical 
axis. 

3? 

^ 3ff. A projection exposure apparatus according to 
clairnSff, wherein the reticle and the substrate are scanned at 
different speeds corresponding to the magnification of said 
catadioptric imaging optical system. 

A projection exposure apparatus that transfers 
a pattern on a reticle onto a substrate, comprising: 

an illumination optical system to illuminate the 
\ pattern on the reticle; and 

Jo a catadioptric imaging optical system according to 
claim* y( to image the pattern onto the substrate, ' 

wherein a o can be varied, a being a ratio of a 
numerical aperture of said catadioptric imaging optical system to 
a numerical aperture of said illumination optical system. 



40. A method of imaging a pattern on a reticle onto , 
a substrate, comprising: 

forming an intermediate image of the pattern omthe 
reticle using a catadioptric imaging optical sub-system, wherein 
the catadioptric imaging optical sub-system comprises an^bptical 
group comprising a concave mirror with a first optical r axis; and 
re- imaging the intermediate image formed by the 
catadioptric imaging optical sub-system onto the substrate using 
a dioptric imaging sub-system arranged in/an optical path 
between the catadioptric imaging optical sub-system and the 
substrate, wherein the dioptric imaging subsystem comprises a 
second optical axis, / 

wherein the first optical axis and the second optical 
axis intersect, and the reticle and the^substrate are arranged to be 
parallel to each other. / 
/ 

41 . A catadioptric imaging optical system used in 
a projection exposure apparatus that transfers a pattern on a 
reticle onto a substrate, comprising: 

a catadioptric imaging optical sub-system in an 
optical path between the reticle and the substrate, said 
catadioptric imaging'bptical sub-system comprising 

a first optical group with a lens with a first 

optical axis, and / 

J a second optical group with a concave 

mirror with a second optical axis; and 

a / dioptric imaging sub-system with a third optical 

axis arranged in an optical path between said catadioptric 

imaging optical sub-system and said substrate, 

y/ wherein the first optical axis and second optical axis 

intersect, and 
. * 

wherein the second optical axis and the third optical 
axis intersect. 



J, 



tfj. A projection exposure apparatus that transfers 
s a pattern on a reticle onto a substrate, comprising: 
^Nv ?<} a catadioptric imaging optical sub-system according 
to claWVf, 

, : wherein said catadioptric imaging optical system 
forms the pattern on the reticle that is off of the first optical axis 
onto an exposure region on the substrate that is off of the third 
1 axis. 




A^. A projection exposure apparatus according to 
claim wherein the reticle and the substrate are scanned at 
different speeds corresponding to the magnification of said 
catadioptric imaging optical sub-system. 



. -= t 
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V 44 A method of imaging a pattern pn a reticle onto 
a substrate, comprising: / 

passing a light from the reticle through a first optical 
group comprising a lens with a first optical axis; 

forming an intermediate irafee by a light passing 
through the first optical group and a/second optical group, the 
second optical group comprising ajgoncave mirror with a second 
optical axis; and / 

guiding a light Mving passes through the second 
optical group to" the substrate by passing the light through a 
dioptric imaging optical jub-system with a third optical axis, 
wherein thg first optical axis and the second optical 



the second optical axis and the thii^d optical 

axis intersect, j f^ * 




A method according to claim* #5; wherein in 
said forming comprises forming a primary image of the reticle. 



46. A catadioptric imaging optical system used in 
a projection exposure apparatus that transfers a jrattem on a 
reticle onto a substrate, comprising: / 

a first turning mirror arranged irr in optical path 
between the reticle and the substrate; / 

a concave mirror arranged irvan optical path between 
said first turning mirror and the substrate; 

a second turning mirro/ arranged in an optical path 
between said concave mirror and the substrate; and 

a dioptric imaging optical sub-system arranged 
between said second turning mirror and the substrate and 
comprising an optical axis, 

wherein the' reticle and the substrate are arranged to 
be parallel to each qffher. 



47. A projection exposure apparatus that transfers 
a pattern on a reticle onto a substrate, composing a catadioptric 
imaging optical system according to claim 4\ wherein said 
sjj catadioptric imaging optical system forms the pattern on the 

reticle off of the optical axis onto an exposure region on the 
substrate off of the optical axis. 



48. A projection exposure apparatus according to 
claim V. wherein the reticle and the substrate are scanned at 
different speeds corresponding to the magnification of said 
catadioptric imaging optical system. 




49 . A method of imaging a pattern on a reticle onto 
a substrate, comprising: / 

reflecting a light from the reticle with aTirst turning 
mirror; / 

reflecting the light from the first turning mirror with 
a concave mirror; 

reflecting the light from the concave mirror using a 
second turning mirror; and 

passing the light from the second turning mirror to 
the substrate through a dioptric imaging optical sub-system 
having an optical axis, 
wherein 

an intermediate image of the pattern is 
formed in an optical path between the concave mirror and the 
dioptric imaging optical sub-system, 

an image of the intermediate image is 
formed on the substrate by the dioptric imaging optical sub- 
system, and 

the reticle and said substrate are arranged 
in parallel to each other. 
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ft 5<f! A method according to clamb4#ftwherein said 
intermediate image is a primary image of the reticle. 

5 1 . A catadioptric imag/ng optical system according 
to claiirTSS, wherein the seconded third optical axes form a 
straight optical axis. f 

j 52. A catadioptric imaging optical system according 
to clairnVf, wherein the first and third optical axes are parallel 
to each other. 




53r^Axatadtoptricimagingo 
to claim N 52, wherein the first^md -third optical axes form a 
straight optical axis. 



gfr. A method/according to clairrNfl, wherein the 
first and third optical axes are parallel Tteieach other. 



55. A method according ttmaiih 54, wherein the 
first and third optical axes form a straight optical axis. 



yi/J- 

yL ■ So. A catadioptric imaging optical system according 
to 46; wherein the optical axis of said dioptric imaging optical 
sub-system forms a straight line. >v 

5/7. A method according to claim 49, wherein the 
dioptric ima'ging optical sub-system comprises an optical axis 
along a straight line. 
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